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We discuss the excitation of polaritons—strongly-coupled states of light and matter—by quantum 
light, instead of the usual laser or thermal excitation. As one illustration of the new horizons thus 
opened, we introduce ^^Mollow speetroseopy^\ a theoretical concept for a spectroscopic technique 
that consists in scanning the output of resonance fluorescence onto an optical target, from which 
weak nonlinearities can be read with high precision even in strongly dissipative environments. 

PACS numbers: 42.50.Ct, 42.50.Ar, 42.50.Pq 


Introduction. — One of the chief concerns of modern 
optics is to bring to fruition nontrivial quantum states of 
light [U12] . This is typically achieved by driving a quan¬ 
tum system with a laser, turning light that is as clas¬ 
sical as can be according to quantum mechanics into a 
non-classical output mg. In this Letter, we take the re¬ 
versed stand of driving a classical system with a quantum 
source. By “classical system” is meant here one which 
would yield classical states if excited by a laser, such as 
an harmonic oscillator with Hamiltonian Ha = hujad^ci. 
This simple case is still an important target as it de¬ 
scribes, among other physical systems of interest, the sin¬ 
gle mode of a passive cavity or a field of non-interacting 
bosons such as plasmons [5| . To describe composite par¬ 
ticles such as exciton-polaritons [6] , one then simply con¬ 
siders two harmonic oscillators a and b linearly coupled 
with strength g. Excitons being weakly interacting, the 
polariton Hamiltonian becomes anharmonic [7]: 

Hi = + ojhb^b + g{a'<b + ab^) + Ub'‘b'<bb. (1) 

These systems are intrinsically open by nature and driv¬ 
ing such systems with a laser only allows for weak incur¬ 
sion [8|, if at all, into the quantum regime. This is due to 
interactions being too small and dissipation too large for 
a laser to imprint genuinely quantum features into the 
system and allow significant single-particle effects to oc¬ 
cur. On the contrary, when driven by a quantum source, 
even a linear system is left in a strongly quantum state. 
This motivates us in introducing the paradigm of exciting 
polaritons with quantum light. This opens a new chap¬ 
ter of the field, already rich with mesoscopic quantum 
states (such as condensates [9], superfluids m, Joseph- 
son oscillators [nnig, etc.) that can then be brought to 
the single-particle limit, with prospects of investigating 
quantum simulators nmn] or logic with polariton Fock 
states [mnE]. We focus on two particular applications 
to illustrate our approach and leave further applications 
to future works. 

Formalism. — With the ever increasing availability of 
quantum emitters, the question of their effect on a tar- 
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FIG. 1: Scheme of our proposal: (a) a typical optical exci¬ 
tation scenario of quantum optics, a laser excites a quantum 
system, e.g., a quantum dot. (b) Instead of the conventional 
scenario of also exciting polaritons with a laser, we excite po¬ 
laritons with quantum light, specifically, from the output of 
the quantum system excited by the laser, (c) Mollow spec¬ 
troscopy: the photoluminescence of a strongly-driven two- 
level sytem provides the Mollow triplet, shown on the left 
with energy on the vertical axis. Various spectral windows 
provide different types of photon correlations, sketched here 
as photon balls with different temporal spacing. Exciting the 
lower polariton with leapfrog photon pairs allows to measure 
accurately very small values of the interaction. 


get is one of increasing theoretical interest. In the wake 
of the proposal for quantum optical spectroscopy [IT], it 
has been shown that the statistics of light affects strongly 
the response of a system (TSHSOj- In om case, the exci¬ 
tation is the continuous wave (steady-state) dynamical 
output from a quantum emitter, with its own theoretical 
model and equations of motion. The formalism would 
then appear to simply demand to include the source as 
a part of the system and solve for the dynamics of the 
joint exciting-excited components. An important req¬ 
uisite, however, is that the source is unaffected by the 
target: when an experimentalist shines light on a sam- 
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FIG. 2 : (Colour online) Pure quantum states in the steady 
state. The red area of (b) shows areas where the system is 
in a pure state. The density plot of in (a) shows that 

this corresponds to states with <1. It is possible to have 
antibunched mixed states. Four isolines of constant popula¬ 
tions are shown on both panels, (c) Antibunching and ratio of 
the effective linewidths of the target and source along the line 
I-II, showing a transfer of properties from the source to its 
target, (d) Antibunching and diagonal elements of the density 
matrix along the line III-IV. (e) Density matrices for three 
pumping powers. At D 3 , the system is in state | 1 ) with more 
than 60% probability, although not in a pure state anymore. 


pie, the source’s internal dynamics remains in principle 
unaffected by the presence, or not, of the sample. This 
is automatically realized in the conventional model for 
excitation by a laser, since the latter is described by a 
c-number, which has no internal dynamics. For instance, 
exciting a two-level system cr with a laser is simply mod¬ 
eled by the Hamiltonian [21]: 

H 2 = cJcrCrV + VL exp(ici;Lt)cr + 11* exp(—ico’Lt)cr^ (2) 

and regardless of the population, coherence, etc., effec¬ 
tively generated in the target, the attributes of the excit¬ 
ing laser (intensity jUp and frequency cjl) remain fix as 
they are mere parameters of the model. In the fully quan¬ 
tized version [22|, however, where the light field is 

upgraded to a Bose annihilation operator a for the light 
field, there is now a feedback from the emitter a to the 
source a. This causes some dynamics of the supposed ex¬ 
citing laser, that affects, in turn, the target, removing the 
fundamental asymmetry with the source that describes 
most experimental setups. 


Concretely, our problem is the dynamic of the sys¬ 
tem described by Eq. 0 when it is excited by the out¬ 
put of the system described by Eq. 0 . The problem 
of separating the dynamics of coupled systems so that 
the source remains oblivious of the effect of its emit¬ 
ted photons onto a target is tackled in the framework 
of cascaded systems [23]. The source and target are 
dealt with in the quantum Langevin formalism with in¬ 
put and output fields such that the output field of the 
source is, with some delay, the input field of the tar¬ 
get. Imposing causality, one reaches equations of mo¬ 
tion where the source has no dependence on any op¬ 
erators from the target, which, on the contrary, de¬ 
pends on operators of the source. Erom there on, the 
quantum Langevin equation is converted to a quantum 
Ito stochastic form, allowing its expression as a mas¬ 
ter equation of the type dtp = i[p^H] + 2 — 

^7172 I [c\^C2p] + [ p 4 , Cl] I with H = Hi ^ H2 the com¬ 
bined Hamiltonian, Cc = {'ycl‘2){2cpc^ — pc^c — c^cp) the 
Liouvillian in Lindblad form and C2, ci the operators 
from the source/target subsystems—in our case corre¬ 
sponding to Cl = cr and C 2 = a —that couple linearly to 
the output/input fields. We now tackle explicit cases of 
interest. 

Eock steady state. — We first consider the simplest 
possible implementation: the excitation of a passive cav¬ 
ity, i.e., an harmonic oscillator, by the output of a weakly 
driven two-level system according to Eq. 0 . There are 
only two parameters ruling this configuration: the ratio 
of decay rate of the target with the emission rate of the 
source, and the pumping strength of the source Q 

(also normalized to 7cr to keep variables unitless). Eig- 
ure shows the different states of the light field that 
can be reached in such a configuration through (a) the 
photon statistics (color-coded) and population (isolines) 
as well as (b) the purity of the state measured through 
Tr[p^] (zero corresponding to maximally mixed states and 
one to pure states). The results of the calculation show 
that a large family of steady-state pure quantum states, 
i.e., with a wavefunction \^)ss = ^>6 

obtained despite the driven-open nature of the system. 
Many of these states are non-classical, sustaining quan¬ 
tum superpositions and sub-Poissonian fluctuations, de¬ 
pending on the interplay of quantum pumping and decay. 
The cut along the line I-H shows the transition from a 
regime where the target behaves according to its own 
classical nature (I) to one where it inherits instead the 
properties of the quantum source (H). In the former case, 
where the repetition rate of the emitter is larger than the 
decay rate, the many excitations that can be accumulated 
give predominance to the target, that grows a coherent 
state = 1) and exhibits the same PL spectrum as 
it would than if excited classically. In the latter case, on 
the contrary, where the input is sparse, the target simply 
stores the excitation and reproduces it faithfully. This is 
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the counterpart of the classically driven quantum dots in 
the Heitler regime that produce single-photons with the 
coherence of the driving laser [24] . Interesting scenario lie 
in between, where the state fed in the cavity mixes char¬ 
acteristics of both its input and recipient. New quantum 
states of the light-held can thus be created with no need 
of quantum engineering, merely by exciting the system 
with resonance huorescence. For instance, one can real¬ 
ize situations with population larger than 1/2 (that of 
the emitter) or even larger than unity and still exhibit¬ 
ing antibunching, < 1 . Another cut, III-IV, on the 
isoline of average population hxed to unity, shows how 
antibunching increases as the amplitude of state | 1 ) in¬ 
creases at the expense of vacuum and state |3), keeping 
the amplitude of state | 2 ) the same. We hnd that when¬ 
ever < 1 / 2 , the population is less than unity. While 
this is outside the scope of this text, we have observed 
that with sources with an even higher quantum charac¬ 
ter [25], it is possible to reach pure steady-state wave- 
functions for the driven harmonic oscillator such that 
p 22 > max(pii/ 2 ,P 33 ), that is, with less quantum fluc¬ 
tuations for two particles in the steady-state than are 
normally allowed by spontaneous emission, thereby real¬ 
izing an effective dissipative Fock state of two particles. 

Mollow spectroscopy. — We now consider another 
application of quantum excitation, driving the emitter 
in the Mollow regime of a spectral triplet [ 21 ] and in 
the presence of interactions for the target. The Mollow 
triplet is a treasure trove of photon correlations when se¬ 
lecting in frequency windows [26] . Even though the emit¬ 
ter itself is a single-photon source, frequency selection al¬ 
lows to access the full underlying dynamics of the emitter, 
that is otherwise averaged over to reduce the physics to a 
mere antibunching. For instance, while photons from the 
side peaks are neatly antibunched, those from the cen¬ 
tral peak are slightly bunched, cf. Fig. [^c). Less prone 
to attention, the emission halfway between the central 
peak and each satellite is however the most promising 
for applications as it involves virtual states. Photons at 
these frequencies originate from transitions between ev¬ 
ery other manifold by “leapfrog processes” jumping over 
an intermediate manifold. This leads to super-bunched 
strongly correlated pairs of identical photons, violating 
Cauchy-Schwarz and Bell’s inequalities m- Photons in 
other frequency windows span intermediate cases. This 
has been recently confirmed experimentally [28]. Our 
scheme thus provides a rich variety of different quantum 
light, that can be scanned over the target to probe its 
response to all types of input, from single-photon light 
to super-bunched, strongly-correlated photon pairs. 

The responses of weakly-interacting polaritons to clas¬ 
sical light (a laser, right) and to the Mollow triplet 
(left) are compared on the top row of Fig. Panel (a) 
shows the population (dotted-dashed yellow) and the 
photon statistics (solid blue) as the quantum source is 
scanned over the lower polariton branch, at energy cjlp = 


{(jJa^OJh)\/g‘^ ~ [(7a ~ lh)/^Y account 

the small shift due to dissipation). In the population, the 
triplet is faithfully mapped to the cavity, as expected. 
In particular, there is no noticeable shift of the popu¬ 
lation (or blueshift in photoluminescence [not shown]). 
In stark contrast, the photon statistics deviates notably 
from the linear (non-interacting, U = 0) case, shown in 
a dotted blue line in Fig. [^a). For the classical exci¬ 
tation, in Panel (b), the situation is reversed: the weak 
nonlinearity requires a strong driving to result in notice¬ 
able effects that manifest better in the population (or 
photoluminescence), while the photon statistics, in con¬ 
trast to the quantum version, remains close to unity. In 
both cases, parameters are, in units of 7 ^: g = lOya, 
75 = 0 . 027 a, 7 cr = 0 . 017 a, Cl = 0.5^ for the quantum 
excitation and CIq = for the classical one. We 

considered for the Figure a large value for U/ja of 1/2 to 
magnify the observables, in particular displaying neatly 
both the conventional [7] and unconventional [111130] po- 
lariton blockades for the classical pumping. The above 
trend of a strong response in statistics/small in popu¬ 
lation to quantum light (and vice versa for classical ex¬ 
citation) is more marked for smaller—and more realistic 
experimentally—value ofUj^a ^ 1- Deviations in statis¬ 
tics for the quantum pumping are shown in Fig. [^c), 
~ 1% for U/ja = 10“^. This is a delicate measure¬ 
ment but one within reach of state of the art exper¬ 
iments [28]. This is a crucial dissimilitude that pow¬ 
ers Mollow spectroscopy. A strong pumping of polari¬ 
tons leads to several complications that hinder a total 
or compelling understanding, such as heating, phase- 
space filling m, loss of strong-coupling [32], popula¬ 
tion of an exciton reservoir contributing the bulk of the 
blueshift [33] [34] and still other factors [35] . Since po¬ 
lariton interactions provide the foundation for nonlinear 
effects that constitute much of the polariton literature, 
the question of their nature and magnitude could be re¬ 
garded as one of the most important open problems of 
the field [36j|37]. In contrast, the excitation of the same 
system with the Mollow triplet is clean as it avoids such 
complications of high densities. Since it recourses to the 
minimum amount of polaritons required to poke the in¬ 
teraction (two), Mollow spectroscopy acts as a “probe” 
in the ultimate sense of the term, with as little distur¬ 
bance as possible. The fact that polaritons are consis¬ 
tently probed in pairs not only optimizes the effect of 
the interaction, it also allows along with the tunability 
of statistics from the Mollow triplet to extract the nu¬ 
merical value of the nonlinearity. This is achieved by 
measuring the change in photon statistics with the fre¬ 
quency of excitation. The maximum super-bunching is 
provided by the leapfrog photon pairs, emitted in the 
two frequency windows between the central peak and 
the satellites. Photons closer to the satellites lose this 
super-bunching faster than those closer to the central 
peak. Comparing the response of the system when going 
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FIG. 3: (Colour online) Mollow spectroscopy applied to a 
weakly-interacting Bose gas. (a) Population (dotted-dashed 
yellow) and photon-statistics (solid blue; with = 0 in dot¬ 
ted blue) when scanning the Mollow triplet onto the lower 
polariton branch. There is an effect on the statistics but not 
in the population, (b) The classical excitation features a weak 
polariton blockade around the lower polariton and a stronger 
unconventional blockade at higher energies, at the cost of di¬ 
minished signal. Higher pumping washes out the effect and 
lead to a blueshift instead, (c) Magnitude of the deviation in 
photon statistics for a target under Mollow pumping as func¬ 
tion of Ujla^ (d) Value of U read from the shift ujq — cjlp, 
cf. Eq. ® , for various detunings A. The dependence is linear 
up to ~ 7a- (e) Mollow splitting required for the mea¬ 

surement of (jUq to be Q-independent, allowing an absolute 
measurement of U. There is a resonance at Q, = 2^/3 when 
the Mollow satellites meet the two polariton branches. 

in these two directions allows to quantify small nonlin¬ 
earities, otherwise hidden in the radiative broadening. 
Thanks to the symmetry of the Mollow triplet, such a 
comparison can be conveniently implemented without the 
need for a calibration of the frequencies, by using di¬ 
rectly both sides of the triplet, rather than both sides 
of the super-bunching peak. One can simply sweep the 
Mollow lineshape onto the target and records its pho¬ 
ton statistics. From these measurements, one then de¬ 
fines / the auto-convolution of the correlation function, 
/ = i-e., /(wo) = 

The triangle inequality places the maximum of f{oo) at 
the value that minimizes the asymmetry of 
around ujq — cjlp • When the leapfrog processes are suf¬ 
ficiently well defined (see below), this gives precisely the 
shift caused by the two-polariton interaction: 

Wo* = - 2C/X02 , (3) 

where xo 2 is the two-polariton Hopfield coefficient for the 
state 102) of two excitons and zero photon. The closed- 
form expression of xo 2 in terms of detuning is too cum¬ 
bersome to be given here but the value is straightfor¬ 
wardly obtained by diagonalization of Eq. 0- While 
the interaction affects xo 2 in principle, for most of the 
range of interest, the effect is completely negligible, as 


seen in Fig. [^d). For instance, at resonance, Xo 2 = 
More importantly, there is no dependence on the popula¬ 
tion or other dynamical variables and the measurement 
is thus absolute, unlike the blueshift from a classical driv¬ 
ing that, on the contrary, requires a careful calibration 
of the laser intensity. 

If the Mollow triplet is not neatly formed, the leapfrog 
processes are mixed with other types of less correlated 
emission, leading to some departure from a shift ruled 
wholly by the two-polariton interaction. Figure [^e) 
shows the splitting required for Eq. ^ to be accurate. 
Even at low splitting, from a power dependence, it is 
however possible to estimate the nonlinearity. If large 
Mollow splittings as compared to the Rabi splitting are 
available, a resonance in is obtained at Q = 3^/2 
when the lower leapfrog excite the lower polariton branch 
while the upper Mollow satellite excites the upper polari¬ 
ton branch, as shown in Fig. [^e). 

Conclusions and Perspectives. — We have shown how 
exciting a system with quantum light opens new per¬ 
spective in several areas of quantum physics. Exciting 
a passive system, we have shown how to realize various 
pure quantum states in the steady state. Exciting inter¬ 
acting ones, we have shown a deep change of paradigm 
when trading the classical excitation for a quantum one. 
In the latter case, one has a strong response in the cor¬ 
related emission from the weakly interacting polaritons 
even with small populations while in the other case, one 
has to recourse to a strong excitation for the interaction 
to play a role, which they do in the population but at the 
expense of the quantum correlations that are washed out 
in the macroscopically occupied state driven by the laser. 
This allows us to propose a new spectroscopic technique, 
extracting system parameters otherwise unreachable due 
to the intensity required to have them play a role and/or 
overcome radiative broadening. 

These findings open multiple avenues along similar 
lines: another direct application of the same technique is 
to use the polarization degree of freedom to measure the 
spin-dependent interaction.A more involved setup that 
allows to diffract the incoming Mollow beam into two 
beams with wavevectors ki and k 2 , keeping their fre¬ 
quency otherwise the same, should similarly allow to 
read from shifts in cross-correlated g^‘^^ the value of 
the exchanged-momentum matrix element U{q) in the 
full polariton Hamiltonian. This Hamiltonian features 
the coupling term Eki.k^.q of 

which we have just worked out in detail the case q = 0. 
Spanning over q will allow an accurate and comprehen¬ 
sive reconstruction of the full interaction potential, also 
clean from saturations effects, fluctuations and allow¬ 
ing to detect even minute effects in strongly dissipative 
environments, making available spectroscopic tools that 
should allow to revisit the precious few results that exist 
on the dispersion of excitations of polariton gases [38ll^ . 
These results go beyond the scope of this Letter and will 
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be presented separately. We have focused here on weakly 
linear systems, in fact even showing nontrivial results 
with a completely linear system. The same formalism 
can be applied with equal ease to targets that are also 
strongly quantum, such as, but not exclusively, a Jaynes- 
Cummings system, a chain or lattice of two-level systems, 
an optical-parametric oscillator, etc. The source itself is 
not limited to the Mollow triplet. The emitter of Fock 
states recently proposed by some of the Authors [25] , re¬ 
leasing all its energy in bundles of N photons, will be 
a key resource for quantum excitation. Beyond the ex¬ 
otic states of light already alluded to, this should open 
the door to new classes of excitations, such as the corre¬ 
lated electron-hole clusters, the so-called dropletons [40], 
recently discovered within the limitations of classical ex¬ 
citations thanks to a feast of theoretical deduction. 
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